Introduction
============

Glioma is the most common malignant brain tumor in the human central nervous system ([@b1-ol-0-0-9824],[@b2-ol-0-0-9824]). The World Health Organization ([@b3-ol-0-0-9824]) has defined 4 grades of glioma based on histological features: Grade I, pilocytic astrocytoma; grade II, diffuse astrocytoma; grade III, anaplastic astrocytoma; and grade IV, glioblastoma multiforme (GBM). Despite attempts to combine surgery, radiotherapy and chemotherapy, grade III and IV gliomas recur in \>90% of cases, typically within 2 cm of the original location, and 10--20% may develop novel distant lesions ([@b4-ol-0-0-9824]). Therefore, neuro-oncological research has become focused on overcoming glioma cell resilience against the majority of aggressive treatments, in addition to providing an explanation for the high recurrence rate, particularly in GBM.

Recently, a number of studies have described the presence of a tumor cell subpopulation with stem cell-like properties, known as cancer stem cells (CSCs) ([@b5-ol-0-0-9824]--[@b9-ol-0-0-9824]). This population is characterized by self-renewal, a high migration rate, unlimited growth, chemotherapy and radiotherapy resistance, and tumor formation ([@b8-ol-0-0-9824]). It has been suggested that the clinical behavior of a tumor is largely influenced by CSCs, due to their ability to initiate novel tumors. Therefore, eradicating CSCs may affect stable, long-lasting remission and potentially treat cancer ([@b10-ol-0-0-9824]--[@b12-ol-0-0-9824]).

A frequently used biomarker for glioma CSC is prominin-1 \[also known as cluster of differentiation 133 (CD133)\], a cell surface pentaspan transmembrane glycoprotein, originally identified from murine neuroepithelial cells and located in plasma membrane protrusions ([@b13-ol-0-0-9824]). A number of studies have indicated that CD133^+^ cells exhibit a greater tumor-forming ability in immunocompromised rodent brains *in vivo* compared with CD133^−^ cells. These CD133^+^ cells form tumors with as little as 100 cells, which is consistent with their high self-renewal ability ([@b14-ol-0-0-9824],[@b15-ol-0-0-9824]). As a subpopulation that is highly resistant to ionizing radiation in human glioma xenografts, CD133^+^ cells can more effectively repair DNA damage compared with CD133^−^ tumor cells ([@b16-ol-0-0-9824]). In addition to relative radioresistance, CD133^+^ cells have high expression levels of multiple drug resistance genes compared with the differentiated bulk tumor, and significant resistance to the chemotherapy drugs temozolomide, etoposide, carboplatin and paclitaxel ([@b17-ol-0-0-9824]--[@b19-ol-0-0-9824]).

The protein expression of the transcription factor sex-determining region Y-box 2 (SOX2) putatively contributes to cellular invasion in tumors of neural and neural crest origin, including glioma ([@b20-ol-0-0-9824]). Previous studies have suggested that the overexpression or gene amplification of SOX2 is associated with the development of cancer. The *Sox2* gene in mice has a single exon, but no introns, and is located on chromosome 3q26.3-q27. *Sox2* encodes a 317-amino acid protein, which contains a high-mobility group DNA-binding domain ([@b21-ol-0-0-9824]). SOX2 positively contributes to the stemness of cells, which is the ability of cells to self-renew and differentiate into cancer cells, and to the multiple processes of cancer cells ([@b22-ol-0-0-9824],[@b23-ol-0-0-9824]). Silencing *Sox2* in freshly derived glioblastoma tumor-initiating cells prevented their proliferation and inhibited tumorigenicity in immunodeficient mice ([@b24-ol-0-0-9824]).

While there is considerable literature concerning CSCs, the number and distribution of CSCs in human GBM remains unknown. Even within the same grade of glioma, the reported number of CSCs can vary between \<1 and \>80% of the total cell population ([@b17-ol-0-0-9824],[@b25-ol-0-0-9824]). In the present study, it was hypothesized that the discrepancies in results among studies may be due to differences in sampling sites. In particular, the present study investigated whether CSCs can be found in areas of the brain that appear normal.

Therefore, the present study investigated the distribution of CSCs within delimited locations in the glioma and surrounding normal tissues. To the best of our knowledge, this is the first study to quantify systematically the number of CSCs in locations ranging from the tumor center to areas of the brain that appear normal.

Patients and methods
====================

### Patients and tissue samples

Two patients (57-year old male and 65-year old male) with GBM donated their whole brain to the Department of Neurosurgery, University of Southern California (Los Angeles, CA, USA) for scientific research. The Ethics Committee of the University of Southern California approved the present study and the patients provided prior written informed consent for the use of their brain tissue upon succumbing to the disease. The areas of the brains were labeled according to location, separated into several blocks each, and stored at −80°C. Areas of the brain tissue were categorized based on their distance from the necrotic center of the tumor, as follows: Necrotic tumor, viable solid tumor, infiltrating tumor edge, peritumoral normal brain, normal brain close to the tumor, and normal brain distant from the tumor ([Fig. 1A](#f1-ol-0-0-9824){ref-type="fig"}). The whole brain was snap-frozen, and the different regions were identified ([Fig. 1B](#f1-ol-0-0-9824){ref-type="fig"}). The designated area of the brain was then cut away ([Fig. 1C](#f1-ol-0-0-9824){ref-type="fig"}), each individual region cut into pieces ([Fig. 1D](#f1-ol-0-0-9824){ref-type="fig"}), and each piece sectioned into 10-µm slices on a cryostat.

### Immunohistochemical staining

Cryostat sections (10 µm thick) were fixed in 100% Acetone for 10 min at room temperature (RT). The slides were immersed and rehydrated 1X PBS three times, 5 min/each, and quenched in endogenous peroxidase in 3% hydrogen peroxide in 1× PBS solution for 10 min at RT, and rinsed once. Subsequently, 10% skimmed milk in 1× PBS was applied and the slides were incubated for 30 min at RT to block non-specific binding. Slides were serially incubated with anti-CD133 mouse monoclonal antibody (cat. no. MAB4310; 1:100; EMD Millipore, Billerica, MA, USA) or anti-SOX2 mouse monoclonal antibody (cat. no. SAB5300177; 1:200; Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) at 4°C overnight. Subsequently the slides were incubated with biotinylated anti-mouse secondary antibody (cat. no. BP-9200; 1:200), anti-ABC (cat. no. PK-7200) and anti-AEC (cat. no. SK-4200) (all from Vector Laboratories, Inc., Burlingame, CA, USA) at RT for 30 min, according to the manufacturer\'s protocols. Slides were counterstained with hematoxylin for 1--2 min at RT. Similarly, isotype staining with mouse IgG1 negative control antibody (cat. no. CBL610; 1:100; EMD Millipore) was used as the negative control. For a control without antibody, no primary antibody was added and the sections were incubated in 2% skimmed milk only.

### Cell quantification

Photomicrographs of all slides were captured with an EVOS bright-field microscope (magnification, ×20). To quantify the number of positive cells per region, 5 random images of each region were taken, and the number of stained cells per total population in each image was counted by eye. The mean percentage of positive cells in the 5 images was calculated and reported as the mean ± standard error of the mean.

### Statistical analysis

The percentages of CD133^+^ and SOX2^+^ cells for all 6 regions were compared using one-way analysis of variance and Student-Newam-Keuls method. The statistical tests were performed using SPSS 19.0 software (IBM Corp., Armonk, NY, USA). Differences between means were used to determine statistical significance. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

The different areas of the 2 brains were analyzed for the presence of CSCs by immunostaining for CD133 and SOX2 expression, and the number of CD133^+^ and SOX2^+^ cells was quantified. The 6 areas of the brains analyzed included the necrotic tumor, the viable solid tumor, the infiltrating tumor edge, the peritumoral normal brain, the normal brain close to the tumor and the normal brain distant from the tumor ([Fig. 1](#f1-ol-0-0-9824){ref-type="fig"}).

In the brain of patient 1, the percentages of CD133^+^ cells ([Fig. 2](#f2-ol-0-0-9824){ref-type="fig"}) and SOX2^+^ cells ([Fig. 3](#f3-ol-0-0-9824){ref-type="fig"}) were significantly different between all adjacent areas (P\<0.01), with the exception of the percentages of CD133^+^ cells between the normal areas close to and distant from the tumor, which were statistically similar (P=0.221). The percentages of CD133^+^ cells ([Fig. 2](#f2-ol-0-0-9824){ref-type="fig"}) and SOX2^+^ cells ([Fig. 3](#f3-ol-0-0-9824){ref-type="fig"}) were significantly higher at the infiltrating tumor edge compared with those at any of the other areas (P\<0.05).

The brain of patient 2 presented with an almost identical distribution of staining results for CSCs as that of patient 1. In the second brain, the percentages of CD133^+^ cells ([Fig. 4](#f4-ol-0-0-9824){ref-type="fig"}) and SOX2^+^ cells ([Fig. 5](#f5-ol-0-0-9824){ref-type="fig"}) were significantly different between the majority of adjacent areas. However, the percentages of SOX2^+^ cells of the peritumoral normal brain and the normal brain close to the tumor were statistically similar, as well as the percentages of CD133^+^ cells and SOX2^+^ cells in the areas close to and distant from the tumor. The percentage of SOX2^+^ cells in the peritumoral normal brain was significantly higher compared with that of the normal brain distant from the tumor (P\<0.01). The percentages of CD133^+^ cells ([Fig. 4](#f4-ol-0-0-9824){ref-type="fig"}) and SOX2^+^ cells ([Fig. 5](#f5-ol-0-0-9824){ref-type="fig"}) were significantly higher at the infiltrating tumor edge compared with those at any of the other areas (P\<0.05).

The negative controls, without primary antibody or with isotype control, exhibited no significant staining ([Fig. 6](#f6-ol-0-0-9824){ref-type="fig"}). In the brains of patient 1 and patient 2, the percentages of CD133^+^ cells and SOX2^+^ cells were highest at the tumor edge, relative to all the other areas. In particular, in the infiltrating tumor edge in patient 1, the percentages of CD133^+^ cells and SOX2^+^ cells were 22.07±1.62 and 14.5±0.78%, respectively. For patient 2, the percentages of CD133^+^ cells and SOX2^+^ cells in the infiltrating tumor edge were 16.03±1.29 and 11.24±0.76%, respectively.

Discussion
==========

The importance of CSCs in recurrent gliomas, as well as other solid malignancies, has been studied extensively in previous literature ([@b8-ol-0-0-9824],[@b26-ol-0-0-9824]--[@b30-ol-0-0-9824]). Therefore, the relevance of identifying the distribution of CSCs within the different regions of the glioma is crucial. The present study indicated, according to the results of the positive staining for CD133 and SOX2 cells, that CSCs are most prevalent at the tumor edge. This suggests that the edge of the tumor is the moving front for tumor progression and invasion, and should be targeted for therapeutic intervention. Surgery and radiotherapy for glioma and even other solid tumors should be focused particularly on the area around the tumor edge. The present study also revealed the presence of CD133^+^ and SOX2^+^ cells in normal brain areas distant from the tumor, which indicates that these CSCs may indicate sites of future progression. Therefore, therapeutic strategies that specifically target CSCs are particularly important.

The findings of the present study suggest that other studies have differed with regard to the concentrations of CD133^+^ and SOX2^+^ cells found, even for gliomas of the same grade, due to different tumor regions being sampled ([@b31-ol-0-0-9824],[@b32-ol-0-0-9824]). Annovazzi *et al* ([@b32-ol-0-0-9824]) examined SOX2 expression in surgical samples from 133 brain gliomas of different grades of malignancy and in cell lines from 16 glioblastomas. This revealed a positive correlation between SOX2 expression and malignancy grade in gliomas and identified that the expression of SOX2 was different at different locations of the brain. In medulloblastomas, SOX2 staining was either positive or negative, according to the occurrence of areas with neuronal differentiation. However, in that study, samples of peritumoral nervous tissue removed from around vascular malformations and other normal brain tissue were obtained from two patients who died following heart attacks. Therefore, the location of the biopsy is crucial.

Although CD133 and SOX2 are the most common markers for CSCs, a number of other immunocytochemical markers have also been used, including nestin and Musashi-1 ([@b33-ol-0-0-9824]--[@b35-ol-0-0-9824]). All these markers identify subpopulations of CSCs. In addition, different CD133 and SOX2 antibody clones may recognize CD133 and SOX2 splice variants with epitopes that differ in glycosylation status ([@b36-ol-0-0-9824]). Therefore, future studies are required for the examination of specific markers. Furthermore, the current study only investigated two specimens as very few patients wish to donate their whole brains for research. However, if possible similar research should be performed with a higher number of specimens to further confirm the conclusion of the present study.
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![Areas of the whole brain with respect to the GBM tumor. (A) Schematic map of the whole brain with glioma (coronal view). Areas were labeled according to orbital orientation from the center of the tumor outward to the outer boundary of the normal brain. (B) Coronal section of the human brain prior to dissection. (C) A block of human brain tissue with GBM was removed from the whole brain. (D) Areas of the brain tissue identified and labeled. GBM, glioblastoma multiforme.](ol-17-02-2123-g00){#f1-ol-0-0-9824}

![Patient 1: Distribution of CD133^+^ cells visualized by immunohistochemistry staining for the expression of CD133 in the following different areas of brain tissue: (A) Necrotic tumor, (B) viable solid tumor, (C) infiltrating tumor edge, (D) peritumoral normal brain, (E) normal brain close to the tumor and (F) normal brain distant from the tumor. (G) Bar graph indicating mean percentages of CD133^+^ cells in the frozen sections from different areas of the brain. P-values indicate results of comparisons between adjacent areas. Magnification, ×20. CD133, prominin-1.](ol-17-02-2123-g01){#f2-ol-0-0-9824}

![Patient 1: Distribution of SOX2^+^ cells visualized by immunohistochemistry staining for the expression of SOX2 in the following different areas of brain tissue: (A) Necrotic tumor, (B) viable solid tumor, (C) infiltrating tumor edge, (D) peritumoral normal brain, (E) normal brain close to the tumor and (F) normal brain distant from the tumor. (G) Bar graph indicating mean percentages of SOX2^+^ cells in the frozen sections from different areas of the brain. P-values indicate results of comparisons between adjacent areas. Magnification, ×20. SOX2, sex-determining region Y-box 2.](ol-17-02-2123-g02){#f3-ol-0-0-9824}

![Patient 2: Distribution of CD133^+^ cells visualized via immunohistochemistry staining for the expression of CD133 in the following different areas of brain tissue: (A) Necrotic tumor, (B) viable solid tumor, (C) infiltrating tumor edge, (D) peritumoral normal brain, (E) normal brain close to the tumor and (F) normal brain distant from the tumor. (G) Bar graph indicating mean percentages of CD133^+^ cells in the frozen sections from different areas of the brain. P-values indicate results of comparisons between adjacent areas. Magnification, ×20. CD133, prominin-1.](ol-17-02-2123-g03){#f4-ol-0-0-9824}

![Patient 2: Distribution of SOX2^+^ cells visualized via immunohistochemistry staining for the expression of SOX2 in the following different areas of brain tissue: (A) Necrotic tumor, (B) viable solid tumor, (C) infiltrating tumor edge, (D) peritumoral normal brain, (E) normal brain close to the tumor and (F) normal brain distant from the tumor. (G) Bar graph indicating mean percentages of SOX2^+^ cells in the frozen sections from different areas of the brain. P-values indicate results of comparisons between adjacent areas. Magnification, ×20. SOX2, sex-determining region Y-box 2.](ol-17-02-2123-g04){#f5-ol-0-0-9824}

![Immunohistochemistry staining of brain tissues. Negative control brain tissues (A) without primary antibody and (B) with isotype control antibody. Staining of the infiltrating tumor edge with (C) CD133 and (D) SOX2. Cells with intense red in the cytoplasm and/or on the membrane were considered CD133^+^ and SOX2^+^ as indicated by arrows. Magnification of whole image, ×20. Magnification of inset images, ×40.](ol-17-02-2123-g05){#f6-ol-0-0-9824}
